although it is known that a similar nucleophilic reaction of a cobalt(I) tetradehydrocorrin complex does not proceed effectively in organic solvents. Furthermore, we observed a residue-and regio-selective transmethylation from the CH 3 -Co III (TDHC) species to the Nε2 atom of the His64 imidazole ring in myoglobin at 25°C over a period of 48 h. These findings indicate that the protein matrix promotes the model reaction of methionine synthase via the methylated cobalt complex. A theoretical calculation provides support for a plausible reaction mechanism wherein the axial histidine ligation stabilizes the methylated cobalt complex and subsequent histidine-flipping induces the transmethylation via heterolytic cleavage of the Co-CH 3 bond in the hybrid model.
Introduction
Cobalamin-dependent methionine synthase catalyzes an essential methylation of homocysteine to form methionine in most mammals and bacteria. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The enzyme is a large modular protein (ca. 146 kDa) with four distinct functional domains. One domain contains methylcobalamin as a cofactor coordinated to a histidine residue. 11 In the catalytic cycle, the enzyme promotes two kinds of methyl group transfers: (i) methylation of cob(I)alamin by N-methyl tetrahydrofolate as a methyl group donor, and (ii) methionine synthesis from homocysteine with the methylcobalamin intermediate. Compared to the non-catalyzed reactions, both reactions are ca. 10 5 -fold accelerated by the catalytic activity of the enzyme. 12, 13 Elucidation of the mechanisms of these enzymatic reactions is challenging because of the complicated enzyme structures and the dynamic conformational changes occurring during activation of the cofactor and substrates. 2, 8, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] In this context, cobalt complexes have been investigated as enzyme models with the objective of understanding how the organometallic Co-C bond is formed and homolytically cleaved in several cobalamin-dependent enzymes. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] However the examples of model reactions of heterolytic Co-C bond cleavage, which is seen in methionine synthase, are quite limited 30, 31 because alkylated cobalt(III) complexes including methylcobalamin are generally less reactive with nucleophiles. [25] [26] [27] [28] [29] 32 Cobalt tetra-and di-dehydrocorrins have been synthesized as representative cobalamin models with tetrapyrrole macrocyclic ligands. [36] [37] [38] It is known that the former has a relatively positive Co(II)/(I)-redox potential and the Co(I) species does not have sufficient nucleophilicity to promote attack by alkyl halides in organic solvents. 36, 37 The latter is found to have a relatively negative Co(II)/(I)-redox potential, and successive reactions of the obtained R-Co species with a nucleophile have not been reported. 38 In contrast to these models, it is known that the transmethylation from methylated cobalt phthalocyanine to nucleophiles occurs. This is rationalized by the expectation that Co(I) species would be a good leaving group. [32] [33] [34] [35] However, there are few appropriate enzyme models for investigation of the role of the protein matrix, which is expected to stabilize the reaction intermediates and initiate the S N 2-like transmethylation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] In our previous work, myoglobin reconstituted with cobalt tetradehydrocorrin Co(TDHC) as shown in Fig. 1 was prepared and a four-coordinate Co(I) species was detected in the protein matrix. 39 Here, in an effort to replicate the reaction mechanism of methionine synthase, we demonstrate the spontaneous key reactions promoted by the enzyme and by the reconstituted protein, rMb(Co(TDHC)): (i) the formation of the CH 3 -Co(III) species from the supernucleophilic Co(I) species and (ii) subsequent intraprotein transmethylation in the myoglobin heme pocket. 39 
Results and discussion
The reaction of Co(I) species with methyl iodide in the reconstituted protein
Addition of methyl iodide to a solution of rMb (Co  I (TDHC)) leads to a new absorption maxima at 425 nm and 445 nm with disappearance of the 530 nm absorption within 2 h (Fig. 2a) despite the continued absence of EPR signals (Fig. 2b) . The resulting species is photoactive and gradually converts to the Co(II) species upon irradiation with a Xe-lamp under aerobic conditions. The process is found to be accelerated upon the addition of 4-hydroxy-TEMPO (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl, free radical) as a radical quencher (Fig. S1 in the ESI †). These findings generally support the fact that the Co(I) species reacts with methyl iodide to form the Co-C bond under anaerobic conditions. 38, [40] [41] [42] In this reaction, a nucleophilic pathway is more plausible than a radical pathway which requires an electron transfer from the Co(I) species to methyl iodide, because rMb(Co(TDHC)) has the relevantly positive Co(I)/Co(II)-redox potential (E = −0.13 V vs. NHE). 39, 43, 44 The CD spectrum of the new species also suggests formation of the Co-C bond in the protein. In the visible region, the positive Cotton effect is observed (Fig. S2 in the ESI †). This effect is also observed in native myoglobin and reconstituted myoglobins. 45, 46 Moreover, the CD spectrum in the far-UV region is completely consistent with the spectra of rMb (Co II (TDHC)) and rMb(Co I (TDHC)). This rules out dissociation of the methylated cofactor from the heme pocket ( Bond-dissociation energy of methylated complexes
As discussed above, the protein environment is essential for the formation of the CH 3 -Co(III) complex, which indicates that the Co-C bond is stabilized in the heme pocket. To explain the stabilization of methylated Co(III) complexes by axial coordination of imidazole, 48 we computed the heterolytic bond-dissociation energy (BDE) 49,50 with density functional theory (DFT) calculations (Table 1 and Fig. S7 the ESI †). As listed in Table 1 , the BDE of the methylated Co(III) complexes can be increased by the coordination of imidazole. The BDEs of the Co-N(Im) bonds for the methylated Co(TDHC′) and Co(corrin) complexes 49 were computed to be 14.2 and 15.9 kcal mol −1 , respectively, which indicates that the cobalt complexes are significantly stabilized by the coordination of imidazole. 51 Thus, it appears that the stability of the CH 3 -Co(III) species is derived from His93 ligation in the myoglobin matrix.
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Intraprotein transmethylation from the CH 3 -Co III (TDHC) complex
We found that the deconvoluted peak intensity of the apoprotein at 16950.5, detected by ESI-TOF MS, gradually decreases after addition of methyl iodide to the protein solution of rMb (Co I (TDHC)), and then a new peak at 16964.2 appears. Surprisingly, the in-source decay mode of MALDI-TOF MS shows an increase of the sole His64 mass number by +14 over 24 h (Fig. S8 in the ESI †). The fragment including the His64 residue, H̲ GTVVLTALGGILK, was obtained by trypsin digestion and characterized by ESI-TOF MS and NMR spectroscopy (see Fig. 4 and Fig. S9 in the ESI †). In the 1 H and 13 C NMR spectra, the characteristic peaks at 4.05 and 36.31 ppm are respectively assigned to the hydrogen and carbon of the methyl group that was transferred to the His64 residue. These values are completely consistent with those of the authentic sample, Nε2-methylated histidine as shown in Fig. 4 and Fig. S9 in the ESI. † 53 The NMR study provides a strong indication that the methylation reaction selectively occurs at the Nε2-position of the His64 imidazole ring. In a control experiment, it was found that addition of a large amount of methyl iodide (ca. 640 equiv.) to native myoglobin and to myoglobin reconstituted with cobalt protoporphyrin IX leads to non-selectively monomethylated protein on the surface in both cases with 50% conversion over 24 h and failure to produce the methylated His64 residue. These results indicate that the Nε2 atom of the His64 imidazole nucleophilically attacks the activated methyl group bound to the cobalt atom prior to residue-and regio-selective transfer of the methyl group within the heme pocket of myoglobin.
Kinetic study of the intraprotein transmethylation
The first-order rate constant of the transmethylation is determined to be 0.062 h −1 for rMb(Co(TDHC)) by conversion of the digested fragments evaluated by HPLC, while the 
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a The value of the heterolytic BDE for the imidazole-coordinated CH 3 -Co complex consists of the dissociation of the CH 3 -Co and Co-N(Im) bonds which provides the three fragments: methyl cation, imidazole and a corresponding tetra-coordinated Co(I) complex.
b The value of the heterolytic BDE for the Co-CH 3 bond.
c The stabilization energy is evaluated by the BDE value of the Co-N(Im) bond in the imidazolecoordinated CH 3 -Co(III) complex. (Table 1) .
Theoretical calculation of the transmethylation in myoglobin
To investigate the mechanism of transmethylation in the protein matrix, nucleophilic stepwise and concerted pathways were considered in DFT computations as shown in Fig. 6 .
23,54
A base-off CH 3 -Co(III) complex is produced in the stepwise mechanism. In the calculations, we used a simplified active site model, in which the two carbon atoms corresponding to the α-carbons of the His64 and His93 residues and the two β-carbons of TDHC pyrroles conjugating each of the propionate side chains are fixed at the position of the crystal structure of rMb(Co to produce a penta-coordinated CH 3 -Co(III) intermediate (RC → TS1 → Int). As discussed above, the Co-C bond is weakened in Int, and therefore, the activation barrier of 13.6 kcal mol −1 in the stepwise pathway is lower than that of the concerted pathway (20.2 kcal mol
−1
). These theoretical results demonstrate that the stepwise pathway via the base-off CH 3 -Co(III) complex activated by His93 flipping in rMb(Co(TDHC)) is more plausible than the concerted reaction. We found that the barriers for the methyl transfer are reduced and the final product is significantly stabilized by the dielectric effect of the protein environment. This is because the cobalt complexes are highly polarized in the course of the methyl transfer. In the crystal structure, the Nδ1 atom of the His64 is hydrogenbonded to a water molecule (Fig. S6 in the ESI †) , 39 and therefore, the barriers can be further reduced by the partial or full deprotonation of the methylated histidine. 
Conclusions
We demonstrated the reactivity of the methionine synthase model conjugated between cobalt tetradehydrocorrin and apomyoglobin. The heme pocket of myoglobin is found to enhance the nucleophilicity of the Co(I) species and provide a methylated Co(III) species stabilized by the ligation. Furthermore, the residue-and regio-selective transmethylation of the Nε2 atom of the His64 residue was observed at 25°C. In support of the experimental results, our theoretical calculations indicate that His-on/off switching regulates the reactivity of the CH 3 -Co(III) species for both the formation and the transmethylation. The moderate coordination of His93 to the cobalt atom in TDHC induces the transmethylation via the His-off species, 52 because there is sufficient space to allow flipping of the imidazole ring in the proximal site 39 and because dynamic structural changes of the enzyme would likely induce deligation in the cobalamin-binding domain. 8 Further evaluation of the present system will contribute to the elucidation of the reaction mechanisms promoted by the structurally complex cobalamin-dependent enzymes.
Experimental

Materials
All reagents of the highest guaranteed grade available were obtained from commercial sources and were used as received unless otherwise indicated. Distilled water was demineralized using a Barnstead NANOpure DIamond™ or Millipore Integral3 apparatus. Syntheses of tetradehydrocorrin dimethyl ester cobalt complex, Co(TDHC) dimethyl ester, and tetradehydrocorrin cobalt complex, Co(TDHC) were reported in our previous paper. 39 Native horse heart myoglobin (Sigma Aldrich) was purified with a cation exchange CM-52 cellulose column. The apoprotein was prepared according to Teale's method. 56, 57 The reconstituted protein, rMb(Co II (TDHC)), was obtained by the conventional method. 39 A cobalt standard solution for ICP-OES was purchased from Wako Pure Chemical Industries.
Reduction of rMb(Co II (TDHC)) and following methylation
The following procedures were performed in a glove box (O 2 < 0.1 ppm). A solution of sodium dithionite (10 mg mL −1 , 10 μL, 0.57 μmol) in 0.1 M potassium phosphate buffer ( pH 7.0) was added to 1 mL of rMb(Co II (TDHC)) solution (25 μM) in the same buffer at 25°C. A solution of rMb (Co I (TDHC)) was immediately obtained. 39 To the solution, methyl iodide (1 μL, 16 μmol) was added to yield an organometallic species, rMb(CH 3 -Co III (TDHC)), within 2 h. The reaction was monitored by performing UV-vis spectral measurements at 25°C.
EPR measurements
The measurements of EPR spectra were carried out at the X-band (9.35 GHz) microwave frequency with 100 kHz field modulation and 10 G of modulation amplitude. During EPR measurements, the sample temperature was maintained at 10 K by an Oxford Instruments ESR900 cryostat equipped with a turbo pump to lower the vapor pressure of the liquid He. Each protein solution (0.5 mM) in 0.1 M potassium phosphate buffer ( pH 7.0) was placed in a 5 mm tube. The sample was quickly frozen in a cold pentane bath chilled with liquid N 2 .
Preparation of rMb(CH 3 -Co III (TDHC)) for the ESI mass spectrometry experiment
The sample solution was prepared in degassed water prior to use in a nitrogen-purged glove box (O 2 < 0.1 ppm). To a solution of rMb(Co II (TDHC)) (0.1 mM, 0.5 mL, 50 nmol) in 0.1 M ammonium acetate buffer ( pH 6.7), sodium dithionite (57 mM, 1.6 mL, 91 nmol) and saturated CH 3 I (99 mM, 25 μL, 2.5 μmol) in the same buffer were added and the solution was allowed to stand for 1 h at 4°C.
Identification of a methylated amino acid residue in the protein
Site-specific methylation in the protein was confirmed by the in-source decay mode on a Bruker autoflex III smartbeam mass spectrometer (MALDI-TOF MS). As a matrix solution, 1,5-diaminonaphthalene was saturated in a mixture of CH 3 CN and 0.1% TFA aqueous solution (1/1 v/v). After the methyl transfer reaction, the protein solution was purified by HiTrap Desalting (5 mL, GE Healthcare). To 1 µL of the concentrated protein solution (0.1 mM) was added 5.0 μL of the matrix solution, and then 1 µL of the mixed solution was placed on a sample plate. The solvent was evaporated under ambient conditions. All mass spectra were acquired in positive ion mode. For the NMR study, the methylated protein was prepared by 13 C-enriched methyl iodide. The concentrated protein solution (0.25 mM, 1 mL) was passed through a HiTrap Desalting column (GE Healthcare) equilibrated with 50 mM Tris-HCl buffer ( pH 8.0) containing 6 M guanidine HCl. After denaturation of the protein by incubation of the collected solution at 95°C for 20 min, the buffer was exchanged to 50 mM Tris-HCl buffer ( pH 7.6) containing 1 mM CaCl 2 using the same gel filtration column. 
Computational chemistry
We used the Becke-Perdew (BP86) 58, 59 method implemented in the Gaussian 09 program. For all atoms, the 6-31G(d) basis set was used. This level of theory BP86/6-31G(d) serves as an appropriate platform for addressing the structural, electronic, and spectroscopic properties of cobalamin cofactors. [60] [61] [62] [63] [64] [65] [66] All calculations were carried out in the gas phase unless otherwise noted. To explore the realistic reaction pathways, we used a truncated model of Co(TDHC) where all peripheral side chains of TDHC were replaced with hydrogens ( Fig. S7b in the ESI †) . The positions of four atoms marked with asterisk * in Fig. S12 in the ESI † are constrained at the coordinate of the crystal structure (PDB ID: 3WFT) to retain the structure of the active site. All of the transition states were characterized by an imaginary frequency mode that corresponds to the motion along the reaction coordinate under consideration. The dielectric effect of protein environment on the transmethylation reaction was estimated at the BP86/SV(P) level of theory by using the conductor-like screening model 67 (COSMO) implemented in the TURBOMOLE program. The dielectric constant was chosen to be 4, which is a standard value that has been used in previous studies. 23 
